Capsule Discriminant functions based on morphometric variables provide a reliable method for sex identification of free-living and hacked young Ospreys. Aims To describe an easy, accurate and low-cost method for sex determination of fully grown nestling and fledgling Ospreys Pandion haliaetus based on morphometric measurements. Methods Four different measurements were taken in 114 birds (40-73 days old) and a DNA analysis, using PCR amplification, was carried out for sex identification. A forward stepwise discriminant analysis was performed to build the best explanatory discriminant models, which were subsequently validated using statistics and external samples. Results Our best discriminant function retained forearm and tarsus as the best predictor variables and classified 95.1% of the sample correctly, supported also by external cross-validations with both hacked and free-living birds. Moreover, a discriminant function with only forearm as predictor showed a similar high correct classification power (93.4%). Conclusions These discriminant functions can be used as a reliable and immediate method for sex determination of young Ospreys since they showed high discriminant accuracy, close to that of molecular procedures, and were supported by external cross-validations, both for free-living and hacked birds. Thus, these morphometric measurements should be considered as standard tools for future scientific studies and management of Osprey populations Accurate and easy methods to determine the sex of individuals are valuable for the study of different aspects of avian biology such as evolutionary ecology and genetics (Clutton-Brock
Accurate and easy methods to determine the sex of individuals are valuable for the study of different aspects of avian biology such as evolutionary ecology and genetics (Clutton-Brock 1986 , Bennett & Owens 2002 , population dynamics (Newton 1998) , behaviour, dispersion/migration and conservation genetics (Griffith & Tiwari 1995 , Sutherland et al. 2004 , and also for the active management of species and populations (Sarrazin & Barbault 1996 , Bird & Bildstein 2007 . Discriminant function analysis has been largely used as a tool for sexing birds which do not show sex-ual dimorphism in plumage, but which do show sexual size dimorphism (Brennan et al. 1991) . External morphometric measurements are taken from birds of *Correspondence author. Email: muriel@ebd.csic.es known sex to develop and test discriminant functions using skins from museums and collections, freshly dead animals and live animals, both captive and wild (Bortolotti 1984 , Counsilman et al. 1994 , Donohue & Dufty 2006 . Methodological studies assessing the power and limitations of these discriminant techniques have also been published (Williams 1983 , Brennan et al. 1991 .
The biology and ecology of Ospreys Pandion haliaetus have been widely studied from different points of view (Poole 1989 , Saurola 1997 , Kjellén et al. 2001 , and several conservation programmes involving the reintroduction of nestling individuals have been carried out in North America and Europe (Rymon 1989 , Martell 1995 , Dennis & Dixon 2001 , Casado & Ferrer 2005 . The sexing of young Ospreys, which are often ringed, measured or fitted with radio transmitters as nestlings as part of such monitoring and conservation studies, is crucial. Although sex determination using discriminant analysis has been extensively applied for birds of prey, only a few descriptive studies have been performed in adult Ospreys (MacNamara 1977 , Poole 1989 , Schmidt et al. 2000 . In those studies sex identification was accomplished by means of body weight, biometric measurements, plumage characteristics, nesting behaviour or a multivariate combination. However, no reliable crite-ria have been described for sex identification of young Ospreys. Only Schaadt & Bird (1993) performed a sexspecific study on growth in North-American Osprey nestlings in which sex was determined on the basis of distinct mass classes that were subsequently confirmed using karyotype analysis and by a non-specified discriminant on a small subsample of 17 individuals. Given this lack of published methodology, an easy and accurate sexing technique for nestlings and fledglings of this species would provide a useful tool for scientists and for people involved in the management of Ospreys.
The aim of this study was to find a versatile and reliable morphometric criterion for sex determination in nestling and pre-fledgling Eurasian Ospreys using discriminant models.
METHODS

Sampled birds
One hundred and fourteen young Ospreys were studied. Of these, 91 were involved in reintroduction programmes in the provinces of Cádiz (36°24′N, 05°44′W) and Huelva (37°15′N, 06°55′W), southwest Spain. These programmes started in 2003 and 2004 respectively, and by 2009, 129 birds had been released in the two areas by means of hacking techniques. All of them were wildhatched birds of the Palaearctic subspecies (ssp. haliae-tus) and translocated as nestlings from Germany, Scotland and Finland when 30-45 days old. They were kept in hacking cages for an average period of 23.5 days until release. The remaining 23 birds were measured in wild nests in the Land of Brandenburg, Germany, during a study of the post-fledging period in 2006.
A sub-sample of 61 hacked birds was measured for all the variables considered in the analysis and used for the discriminant analysis. The 53 remaining birds, 30 hacked and 23 free-living birds, showed missing values for some morphometric variables and were used as two external sub-samples for subsequent cross-validations of the derived models.
Morphometric measurements
Four morphometric measurements were taken from the sample of pre-fledgling Ospreys. We measured body mass (MASS) with 2500 g pesola scales to the nearest 10 g (scale of 20 g divisions, but read to the nearest 10 g when the measurement was equidistant between divisions); the length of flattened wing chord (WING) using a metal ruler to the nearest 1 mm; tarsus length (TARSUS) with a digital caliper to the nearest 0.1 mm, from the front of the tarsometatarsal bone at the toe joint to the end of the bone below the ankle joint (Fig. 1) ; and the forearm length (FOREARM), or the length from the front of the folded wrist to the proximal extremity of the ulna using a digital caliper (Ferrer & De Le Court 1992) (Fig. 2) . We also considered the age of nestlings and fledglings (AGE) in days as a covariate in the analysis. Age was estimated according to plumage development and wing chord length, if hatching date was not exactly known (Schaadt & Bird 1993) .
Measurements were taken a few days before reintroduced birds were released and before wild-reared birds left the nest, when young were 40-73 days old. Birds younger than 40 days of age were not included since we considered this age as an adequate cut-off at which the size of most skeletal structures tends to reach an asymptote, but feathers are still growing (Schaadt & Bird 1993) . The age range considered is close to the average fledging age for Ospreys; 53 days (Green 1976 , Bustamante 1995 .
Sex identification
Approximately 2 ml of blood were extracted from the brachial vein of each bird and stored at least 50 µl in tubes with 96% ethanol that were kept refrigerated until analysis in the laboratory. The cellular fraction was used for sex identification by means of PCR amplification of sections from CHD1-Z and CHD1-W genes that are located on the avian sex chromosomes. The CHD1-W gene is found on the W-chromosome, and therefore is unique to females, while the CHD1-Z gene occurs both in males and females. We followed Griffiths et al.'s (1998) amplification protocol, that employs the P8 (5′-CTCCCAAGGATGAGRAAYTG-3′) and P2 (5′TCTGCATCGCTAAATCCTTT-3′) primers, which provide optimum amplification and fragment separation with Osprey samples. In order to avoid possible experimental errors, all the results were subjected to reliability tests by repetition of all or at least 25% of the analyses randomly. If any discrepancy was detected, the whole process was then repeated. Using this technique, we identified 30 females and 31 males from the 61 birds used in the discriminant analysis, and 23 females and 30 males from the 53 extra birds used for the external crossvalidations. The analyses were carried out in the Laboratory of Molecular Ecology of the Doñana Biological Station (CSIC), Seville, Spain.
Statistical analysis
Mean, standard deviation and range for all measurements were calculated for each sex. All the variables were normally distributed and met homogeneity of variance. In order to check for overall differences in size between sexes we performed a manova. We also conducted Student's t-tests for each morphometric measurement and age to check for sexual differences. Sexes were discriminated using Forward Stepwise Discriminant Analysis procedures that build the best explanatory discriminant model with the minimum possible number of morphometric variables. Body mass was first cube-root transformed to place it in the same linear scale as the rest of the biometric measurements. Then, each variable was moved into the model in successive steps, with an F to enter set to 3.84 (0.95 probability) and an F to remove set to 2.71 (0.90 probability). Wilk' s Lambda statistic was derived to quantify the discriminant power of each model. Cohen's Kappa statistic was also calculated and a significance test was performed for each of the resulting discriminant functions in order to reinforce the model interpretation. This statistic estimates the correct classification rate adjusted by chance (Titus et al. 1984) . Finally, we used two different posterior cross-validations approaches to assess the predictive accuracy of the resulting functions. First we used a Jackknife procedure that classified each individual using a model derived from the total sample minus the individual being classified (Manly 1986). For the second cross-validation we used two external subsamples not involved in the discriminant model estimation, one constituted by 30 hacked birds from the same reintroduction project and the second one by 23 free-living birds. Hence, the derived models could be validated not only for Ospreys under temporary captivity (hacking) but also for free-living birds, so their application could be extended to free-ranging young Ospreys.
All the statistical analyses were performed using statistica 8.0 (Statsoft Inc., Tulsa) and the Jackknife validations were conducted using spss 14.0 (SPSS Inc., Chicago).
RESULTS
Young Ospreys differed significantly in overall size between males and females (manova: F 4,56 = 32.26, P < 0.001). The t-tests showed males to be significantly smaller than females for all the morphometric measurements, with forearm and tarsus the most dimorphic characteristics (Table 1) . No significant differences in mean age were found between males and females, thus none of the differences between sexes in mean body measurements could be attributed to variation in age. The Stepwise Discriminant Analysis retained only forearm and tarsus as the best predictor variables in the discriminant model and excluded wing chord, cuberoot of body mass and estimated age. This model classified correctly 93.3% of the females and 96.8% of the males (overall success 95.1%, two females and one male misclassified) with a low value for Wilk' s Lambda and a high value for Cohen's Kappa ( Table 2 ). The Jackknife procedure also classified correctly 95.1% of cases and the external cross-validations a slightly lower overall value of 84.6% of the whole sample (hacked birds: 83.3%; free-living birds: 86.4%) ( Table 3) .
The discriminant function obtained was:
Values of D > 0 identified females and values of D < 0 identified males. The results of this model are shown in a scattered-plot graph where the classified Ospreys are represented according to the forearm and tarsus measurements (Fig. 3) . The discriminant threshold between males and females was also included as the line that represents 50% probability of group membership (D = 0). In order to account for eventual variation in body size owing to growth, the estimated age was forced into the model together with forearm and tarsus. The resulting correct assignment of sex did not improve and only Wilk' s Lambda value was slightly lower ( Table 2) .
A discriminant function with only one measurement may be more useful as a preliminary reference to sex identification, before more accurate determinations. A discriminant function with only forearm as predictor variable classified 93.4% of cases correctly, with a value of Wilk' s Lambda and a value of Cohen's Kappa close to the best model with forearm and tarsus together. Both validations, Jackknife and external sub-samples, showed also similar percentages of correct classifications than those from the validation of the bivariate model (Table 3) . Nevertheless, the percentage of correct classification was slightly higher for the sub-sample of hacked birds than for the free-living ones. This discriminant function was:
By solving the function for D 2 = 0 we obtained a threshold forearm length of 192.1 mm that separates females (> 192 .1) and males (< 192.1) .
By contrast, the model constructed only with tarsus as predictor variable showed a noticeably higher value of Wilk' s Lambda and a lower value of Cohen's Kappa than the model with only forearm. In fact, the percentages of correct classification derived with this model and with the Jackknife and the external crossvalidations, especially for the sub-sample of hacked Ospreys, were lower than the percentage in the model Figure 3 . Distribution of the 61 young Ospreys according to forearm length and tarsus length. , males; •, females; straight line, discriminant threshold between males and females, with a 50% probability of classification; two females were misclassified as males and one male as a female.
with forearm as predictor, which shows the general lower predictive power of the tarsus measurement.
DISCUSSION
Our results indicate significant sexual size dimorphism in young Ospreys, with males smaller than females. Therefore, sexes may be separated by means of external morphometric measurements in an easy and reliable way. However, there was a considerable overlap in the ranges of these measurements, thus discriminant functions using these measurements as predictor variables could be useful and more accurate tools for sex identification.
In most studies dealing with gender determination in birds, discriminant analysis has shown some variation in accuracy which is directly related to the degree of size dimorphism of the studied species. Most birds of prey show a degree of reversed sexual size dimorphism (females larger than males) that varies from vultures, with a great overlap of morphometrics between sexes, to some falcon and hawk species with extreme dimorphism, with Ospreys in an intermediate position (Newton 1979 , Ferguson-Lees & Christie 2001 . The results provided by a discriminant analysis will be more reliable as the size dimorphism increases, and may even achieve accuracy comparable to that of molecular procedures when the dimorphism is extreme. Nonetheless, molecular tech-niques using DNA analysis represent the most reliable non-invasive method for sex determination of animals, especially in species without plumage differences and apparent size dimorphism, for which discriminant mod-els may be inaccurate. Furthermore, DNA amplification on sex chromosomes shows clear advantages such as age and morphological independence or reliable results on very small tissue samples as blood or feathers, and it is not subject to other factors that could lead to biased results with biometric variables: differences among observers in measurements and size variations between populations due to local adaptations or eco-geographic patterns (e.g. Bergmann's rule or Allen's rule). For those reasons, the DNA analysis is widely used as reference method for sex identification when testing the accuracy of discriminant functions on morphometrics.
The best model obtained in our discriminant analysis showed a high level of overall correct classification of genders (95.1%), supported by several statistics and cross-validations, both for hacked and free-living subsamples. In this analysis only tarsus and, in particular, forearm were retained as the best predictive variables in the final model, whereas cube-root of body mass, wing chord length and estimated age were removed. Measures like body mass, wing length, bill length, tail length, length of wing feathers, length of claws or foot pad length are widely used in gender determination of raptors, though these kind of characteristics are more variable and dependent on other factors. In particular, body mass showed high variation, even within the same day, and is very dependent on food supply, growing stage, environmental conditions or population of origin (Poole 1989 , Schmidt et al. 2000 . In the same way, captivity during the hacking period may also lead to weight variations owing to differences in food supply, physical activity or handling stress. Hence, a subsample of free-ranging birds is necessary for external validation to generalize the discriminants and apply them on free-living populations. On the other hand, wing feathers keep growing after the first flight of young birds and are subjected to feather losses and moult. However, in adult Ospreys structural measurements such as bill, tail or wing length, but mainly body weight, have provided good results for sex differentiation since they present stable ranges with little or no overlap between them (MacNamara 1977, Poole 1989 , Schmidt et al. 2000 . Thus, morphometric variables derived from hard body structures, like forearm or tarsus, would be generally preferable as more reliable predictors (Counsilman et al. 1994 ). Since they tend to reach asymptotic growth before fledging, they are no longer age-dependent or conditioned by other external factors. In this regard, estimated age was excluded from the discriminant model, which is congruent with the lack of significant differences in mean age between sexes. Even when forcing age into the model, the discriminant power did not increase noticeably. Therefore, the morphometric variables retained in the model were robust enough for sex determination, with no relevant influence of estimated age. Moreover, skeletal material, specimens from museums or depredated birds could only be sexed from such bone measurements.
According to our results, forearm was the most powerful variable for sex identification of nestling and fledgling Ospreys. Although it has not been used traditionally in sex determination studies in birds, the forearm has become more frequently used (Delgado & Penteriani 2004 , Sarasola & Negro 2004 . Proposed originally by Ferrer & De Le Court (1992) , the forearm has been shown to be an easier and reliable measurement with lower variance among different observers and sources of sample (live or dead animals) than other hard body structures like the tarsus. The model constructed only with this measurement provides a forearm length threshold of 192.1 mm between females and males, and the predictive power was similar to the best model with forearm and tarsus together.
Taking into account all the advantages, the tarsus length, but mainly the forearm length, could be used as easy, immediate, low-cost and accurate explanatory references for gender determination. They may be used on hacked/captive birds or in the wild as shown by the external cross-validations, though care must be taken when applying to other populations than those from central or northern Europe, from which the samples were collected. Most of the scientific studies and population monitoring works on birds of prey are performed on the young fraction of the populations. Thus, these morphometric measurements should be considered standard work tools for future scientific studies and the management of Osprey populations, both for adult and young birds, at least for >40-day-old nestlings when they have almost completed their structural growth.
